The wild-type ligninolytic actinomycete Streptomyces viridosporus T7A and two genetically manipulated strains with enhanced abilities to produce a water-soluble lignin degradation intermediate, an acid-precipitable polymeric lignin (APPL), were grown on lignocellulose in solid-state fermentation cultures. Culture filtrates were periodically collected, analyzed for APPL, and assayed for extracellular lignocellulose-catabolizing enzyme activities. Isoenzymes were analyzed by polyacrylamide gel electrophoresis and activity staining on the gels. Two APPL-overproducing strains, UV irradiation mutant T7A-81 and protoplast fusion recombinant SR-10, had higher and longer persisting peroxidase, esterase, and endoglucanase activities than did the wild-type strain T7A. Results implicated one or more of these enzymes in lignin solubilization. Only mutant T7A-81 had higher xylanase activity than the wild type. The peroxidase was induced by both lignocellulose and APPL. This extracellular enzyme has some similarities to previously described ligninases in fungi. This is the first report of such an enzyme in Streptomyces spp. Four peroxidase isozymes were present, and all catalyzed the oxidation of 3,4-dihydroxyphenylalanine, while one also catalyzed hydrogen peroxide-dependent oxidation of homoprotocatechuic acid and caffeic acid. Three constitutive esterase isozymes were produced which differed in substrate specificity toward ot-naphthyl acetate and 4x-naphthyl butyrate. Three endoglucanase bands, which also exhibited a low level of xylanase activity, were identified on polyacrylamide gels as was one xylanasespecific band. There were no major differences in the isoenzymes produced by the different strains. The probable role of each enzyme in lignocellulose degradation is discussed.
Lignin, the second most abundant plant polymer after cellulose (12) , is composed of phenylpropane monomeric units interconnected by a variety of carbon-carbon bonds and ether linkages (1, 16) . The biochemistry and enzymology of the lignin degradative pathway in fungi such as Phanerochaete chrysosporium is well understood (17) . Among the bacteria much work has been done on lignocellulose degradation by Streptomyces spp. (5) , mainly with Streptomyces viridosporus T7A, which degrades both lignin and carbohydrate portions of lignocellulose (6, 10) . However, no bacterial ligninases have yet been reported. Chemical characterizations of degradation products of Streptomyces spp. suggest that catabolism involves substantial initial cleavage of 13-0-4 ether linkages concomitant with other lignin oxidation reactions which cause the release of a modified watersoluble, acid-precipitable polymeric lignin (APPL) (10) . The amount of APPL released by S. viridosporus correlates with the amount of lignin removed from the insoluble lignocellulose substrate (4, 10) . Release of a similar acidprecipitable product during lignocellulose degradation by another actinomycete, Thermomonospora mesophila, was reported by McCarthy et al. (19) . Solid-state fermentation has been used for large-scale production of APPL (8, 9) , and by use of mutagenesis and protoplast fusion, stable APPLoverproducing Streptomyces strains have been developed (7, 21) .
Results of experiments with enhanced APPL-producing mutants have suggested that cellulases are involved in APPL production, although their precise role is unclear (13) . The presence of an extracellular coumarate ester esterase during lignin catabolism by S. viridosporus was also reported by Deobald and Crawford (13) . This esterase is potentially important because of the significant number of coumaric acid esters in grass lignin (26) and the known release of pcoumaric acid from grass lignocelluloses by S. viridosporus (8) . Phenol-oxidizing enzymes of both the peroxidase and laccase types have long been presumed to play an important role in degrading lignin (17) . The ligninases of the white rot fungi P. chrysosporium are heme proteins which, in the presence of hydrogen peroxide, catalyze the cleavage of carbon-carbon and ether linkages (18, 29) . In addition, manganese-dependent peroxidases play important roles in lignin degradation by this white rot fungus (20) .
Here, we report a lignin-induced extracellular peroxidase produced during lignocellulose degradation and APPL release by S. viridosporus. In addition we followed activities of the peroxidases, extracellular esterases, endoglucanases, and xylanases in S. viridosporus T7A and in two genetically enhanced APPL-producing strains. Cells were grown on corn stover lignocellulose in solid-state fermentation cultures. Induction, isozyme activity, and substrate specificity of each of the enzymes were compared for the three strains.
MATERIALS AND METHODS
Microorganisms and culture maintenance. Wild-type S. viridosporus T7A (ATCC 39115) was isolated from soil by D. L. Sinden (M.S. thesis, University of Idaho, Moscow, 1979) . S. viridosporus T7A-81 was generated by UV irradiation mutagenesis of the wild type and isolated by selection for enhanced APPL production (7) . Streptomyces sp. strain SR-10, a high APPL-producing recombinant, was generated by either self-protoplast fusion of S. viridosporus T7A or an interspecies fusion of S. viridosporus T7A and S. setonii 75Vi2 (ATCC 39116) (21 at 400 rpm, with the dissolved oxygen concentration maintained at 80% saturation. Temperature and pH were maintained at 37°C and 7.1, respectively. At regular intervals 1-liter samples were drawn aseptically, and the supernatant peroxidase activity and cell dry weight were measured.
Preparation of crude enzyme extract. Solid-state fermentation cultures were harvested by adding 100 ml of 0.05 M phosphate buffer (pH 7.0), mixing, and filtering the suspension through glass wool. The filtrate was used for the spectrophotometric assay of endoglucanase and xylanase. A portion of the filtrate was concentrated fourfold by dialysis against polyethylene glycol (molecular weight, 15,000 to 20,000) (25) and used for the spectrophotometric assay of peroxidase and esterase. Samples collected from the batch fermentor were concentrated in the same way.
Cells were collected by filtration (no. 54 filter paper; Whatman, Inc., Clifton, N.J.) from the samples drawn periodically from the laboratory pilot fermentor. Cell extracts wereprepared by using a Wabash press with a French pressure cell (11) and then analyzed for peroxidase activity on polyacrylamide gels (see below).
Estimation of APPL. The relative concentrationsof APPL present in the culture filtrates were quantified by using a turbidimetric assay (8) . Culture filtrates (2 ml) were acidified with 0.1 ml of 12 M HCI, and the A6N values of acidified samples were recorded. APPL contents were determined from a standard curve prepared by using APPL from 6-week corn lignocellulose solid-state fermentation cultures of S. viridosporus T7A.
PAGE. Proteins in the crude enzyme extracts were analyzed by nondenaturing discontinuous polyacrylamide gel electrophoresis (PAGE). Concentrated preparations containing bromophenol blue and sucrose were subjected to vertical slab gel electrophoresis by the procedure described by Hames and Rickwood (15 (iii) Endoglucanase. Endoglucanase was assayed by using low-viscosity carboxymethyl cellulose (CMC; Sigma) as the substrate (7). A total of 3 ml of 1.667% (wt/vol) CMC in 0.067 M phosphate buffer (pH 6.0) was added to a test tube containing 2.0 ml of unconcentrated culture supernatant.
Tubes were incubated at 45°C for 0, 2, 4, and 6 min. The reaction was stopped by the addition of 3.0 ml of 3,5-dinitrosalicylate (Sigma) reagent. These 3,5-dinitrosalicylate-containing tubes were then boiled for 20 min, and 1.0 ml of 40% (wt/vol) sodium potassium tartarate was added to each tube. The tubes were cooled, and the A575 was recorded. The amount of reducing sugar released was calculated from a glucose standard curve. One unit of enzyme activity was expressed as the amount of enzyme which produced 1 ,umol of reducing sugar per min.
(iv) Xylanase. Xylanase was assayed as described above for endoglucanase, except that CMC was replaced with 1.0 ml of pH 6.0 phosphate-buffered 0.5% (wt/vol) oat spelt xylan (pH 6.0, Sigma). The reducing sugar that was present and the activity were calculated and expressed as described above, except that xylose was used to make the standard curve.
Enzyme activity staining on gels. (i) Peroxidase. For peroxidase staining on gels, a modification of the spectrophotometric assay described by Shinmen et al. (27) was used. (ii) Esterase. The gels were stained for esterase bands by a method modified from that of Rosenberg et al. (24) . Polyacrylamide gels were incubated in 0.1 M phosphate buffer (pH 7.0) for 15 min at 37°C. Then the gels were placed for 1 h at 37°C into a substrate-staining solution freshly prepared by adding 20 mg of either cx-naphthyl acetate or ax-naphthyl butyrate (Sigma) dissolved in 4 ml of N,N-dimethylformamide to 36 ml of 0.1 M phosphate buffer (pH 7.0) containing 20 mg of diazo blue B (o-dianisidine, tetrazotized; Sigma). Esterase bands stained brownish red. The reaction was stopped by decanting the substrate complex-staining mixture and soaking the gel in 2% (vol/vol) acetic acid solution.
(iii) Endoglucanase. Visualization of endoglucanase was done on a gel replica (2) Production of peroxidase. The effect of lignocellulose in the growth medium on production of peroxidase by S. viridosporus T7A was studied by growing the culture in batch fermentation cultures in a laboratory pilot fermentor. Higher levels of peroxidase were produced when T7A was grown in medium supplemented with 0.05% (wt/vol) lignocellulose (Fig. 1A) . The maximum levels of peroxidase activity (0.240 U/ml in medium with lignocellulose and 0.072 U/ml in medium without lignocellulose) were recorded after 28 h of growth. Hydrogen peroxide was required for the detection of enzyme activity. Peroxidase production in relation to culture growth, which was measured by monitoring cell dry weight (grams per liter) over time in medium with lignocellulose, is shown in Fig. 1B . When grown with lignocellulose, extracellular peroxidase appeared during the early logarithmic phase of growth, and reached its peak during the stationary phase of growth, at 28 h. Once the culture entered the late stationary phase, peroxidase activity decreased dramatically.
The production of extracellular peroxidase over a 5-week period by strain T7A, mutant T7A-81, and recombinant SR-10 were followed in solid-state fermentation cultures (Fig. 2) . Peroxidase activity was similar among the strains for the first week, after which the two APPL-overproducing strains showed higher peroxidase activities which persisted for a longer period of time than did that of the wild-type strain T7A. The highest level of activity was 0.040 U/ml after 1 week for T7A, 0.060 U/ml after 3 weeks for mutant T7A-81, and 0.096 U/ml after 4 weeks for recombinant SR-10.
Production of esterase. Esterase activity was determined by measuring the release of p-nitrophenol from p-nitro- phenyl acetate (Fig. 3) . Mutant T7A-81 and recombinant SR-10 produced a higher level of esterase than did the wild-type strain T7A. Like peroxidase, esterase activity was higher in recombinant SR-10 (0.660 U/ml at 4 weeks), followed by that in mutant T7A-81 (0.556 U/ml at 3 weeks), as compared with that in T7A (0.234 U/ml at 3 weeks). Activity increased until week 3 in cultures of mutant T7A-81 and until week 4 in cultures of recombinant SR-10. The level of esterase activity was still greater in both enhanced APPLproducing strains than in T7A at the end of the 5 weeks.
Production of endoglucanase and xylanase. Activities of endoglucanase and xylanase were determined by measuring the hydrolysis of CMC and oat spelt xylan, respectively. Over a 5-week incubation period, endoglucanase activity was higher in both APPL-overproducing strains than in the wild-type strain T7A (Fig. 4) 6 . PAGE analysis of the forms of peroxidase. Concentrated culture filtrates from 3-week solid-state fermentation cultures of S. viridosporus T7A, mutant S. viridosporus T7A-81, and protoplast fusion recombinant Streptomyces sp. strain SR-10 were applied to lanes A, B, and C, respectively. After electrophoresis the peroxidase bands were visualized by activity staining as described in the text.
higher only in mutant T7A-81. Recombinant SR-10 demonstrated a similar level of xylanase as that of the parent strain T7A (Fig. 5) . The rate of increase in endoglucanase and xylanase activities with time was different from strain to strain. Maximum enzyme activities of 0.56, 0.99, and 0.70 U of endoglucanase per ml were recorded for T7A, T7A-81, and SR-10, respectively. PAGE analysis of enzymes. Hydrogen peroxide was necessary for the color development reaction during staining for peroxidase (Fig. 6) . In Fig. 6 it is also shown that wild-type T7A, mutant T7A-81, and recombinant SR-10 produced at least four major isoforms of peroxidase when grown in culture medium with lignocellulose. Activities of isoforms P1 and P2 were higher early in the growth phase and declined later. Isoforms P3 and P4 also appeared during the early logarithmic phase, but activities remained almost at the same level throughout the growth period that was studied. Among the isoforms, only P4 reacted with homoprotocatechuic acid and caffeic acid. All the isoforms of peroxidase were also present in cell extracts.
Extracellular culture supernatants of these Streptomyces spp. contained three major isoforms of esterase (Fig. 7) . The addition of lignocellulose to the culture medium had no effect on the production of esterase. Crude enzyme preparations from strains T7A and recombinant SR-10 showed similar banding patterns, whereas isoform El was not very prominent in mutant T7A-81. Among the three major bands only El was specific to ox-naphthyl acetate, whereas E2 and E3 reacted with both ci-naphthyl acetate and a-naphthyl butyrate.
The endoglucanases of each of the Streptomyces strains separated into three bands. All three bands also showed activity toward xylan on incubation for long periods of time. In addition to these three endoglucanase bands, one xylanspecific band was present for all the strains.
DISCUSSION
Both UV irradiation mutant T7A-81 and protoplast fusion recombinant SR-10 produced significantly higher levels of APPL compared with those produced by the wild-type strain T7A. These findings confirm earlier reports (8, 21 
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The time courses of peroxidase production for all the strains (Fig. 1) followed APPL production, indicating that there is a correlation between peroxidase activity and APPL release. Furthermore, both extracellular and cell-associated activity of peroxidase and peroxidase induction by lignocellulose are in agreement with the nature of previously reported P-0-4 ether cleaving activity in S. viridosporus (8) . In white rot fungi, lignin peroxidase oxidizes various compounds and catalyzes cleavage of both carbon-carbon and ether bonds (18) . The lignin-induced peroxidase reported here could be similar enzyme that participates in lignin solubilization by Streptomyces spp. Further investigations of its role in lignin metabolism are in progress. The finding that APPL-overproducing strains also overproduce peroxidase is indirect evidence that implicates peroxidase in the process.
The involvement of the extracellular coumarate ester esterase in lignin degradation by S. viridosporus was suggested by a significant reduction in the quantity of esterified acids in APPLs produced by strain T7A from corn lignocellulose as compared with those produced by a control corn milled wood lignin (13) . Enhanced APPL-producing strains T7A-81 and SR-10 had higher esterase activities than did wild-type strain T7A (with p-nitrophenyl acetate as the substrate). The isoforms observed on the polyacrylamide gel differed in their substrate specificities toward a-naphthyl acetate and a-naphthyl butyrate. Whether these esterases attack esterified lignins or ethyl coumarate has not yet been demonstrated. Purification and investigation of the specificities of these two forms are under way.
A strong correlation between cellulase activity and APPL release in S. viridosporus was noticed in an earlier study (13) . Results of the present study confirm such a relationship in enhanced APPL-producing mutant T7A-81 and recombinant SR-10. This APPL-enhancing effect of cellulases could be due to the enhanced removal of cellulose from lignocellulosic complexes, which could in turn expose more lignin to the action of lignin-solubilizing enzymes. More likely, more active cellulases could be making more sugars available for various oxidase systems which generate hydrogen peroxide. The hydrogen peroxide thus released would participate in peroxide-dependent lignin solubilization.
In the mutant T7A-81, which was originally selected for enhanced APPL production, enhanced levels of peroxidase, esterase, endoglucanase, and xylanase were simultaneously observed. Shake flask experiments indicated that higher levels of enzyme activities were not due to the increased growth rate. This suggests another alternative: the possible coordinate regulation of the genes coding for these enzymes. The mutant T7A-81 may be affected in a regulatory gene that controls expression for all four enzymes. Similarities in the isozyme forms of the enzymes indicate that enhanced activities could be due to a mutation(s) in regulatory genes rather than to one in structural genes. However, the possibility of coordinate induction needs further examination by using purified carbon sources such as cellulose or xylan, as opposed to the complex lignocellulose substrate used here. The genes might or might not be clustered on the chromosome. Genomic clustering of genes coding for hydrolytic enzymes has been reported in Cellvibrio mixtus (30) .
